We design and fabricate a 3-electrode device that applies 2-D electric fields to a single InAs QD. We observe electrical injection of holes into a QD due to the lateral electric field component.
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Introduction:
Single self-assembled InAs/GaAs quantum dots (QDs) and quantum dot molecules (QDMs) grown by Molecular Beam Epitaxy (MBE) have excellent optical properties for quantum information applications. External electric fields are commonly used to manipulate the optical properties of a single InAs QD. Specifically, vertical (growth direction) electric fields can be used to charge a single QD with electrons or holes by embedding the QD in a diode structure and tuning the QD energy level relative to the Fermi level. These vertical fields can also tune the QD emission wavelength via the Stark Shift. Lateral electric fields can be used to fine tune the emission wavelength, fine structure splitting (FSS), and spin lifetime. [1, 2] Although yet to be demonstrated, simultaneously applying both vertical and lateral electric fields to create a 2-D electric field profile in the vicinity of a single QD could achieve simultaneous control over charging, emission wavelength, and FSS. Such a 2-D electric field profile could even be used to controllably-induce novel spin properties for qubit applications. [3, 4] In this work, we demonstrate charging of a single QD with electrically-injected holes whose tunneling into the QDs is induced by lateral electric fields. This device and result represent an important step toward controlled generation of arbitrary 2-D electric fields at the location of a single QD and reveals important new physical phenomena that will need to be managed for device applications. Figure 1 shows our device structure and one of the apertures after fabrication. We grow our QDs using MBE on an intrinsic GaAs substrate. We truncate the QDs with a 2.7nm GaAs cap and cover it with 280nm unintentionally p-doped GaAs. The doping concentration is 5 × 10 16 /cm 3 . We then fabricate the device using e-beam lithography. We deposit the top electrode (20nm Ti + 100nm Au) with a lift-off process and e-beam metal evaporation. We then etched the aperture using Ion Milling. In order to maximize the effect of lateral electric field, we etch the 330nm deep trapezoidal-shaped mesa using ICP and deposit the lateral electrodes using angled e-beam metal evaporation so that part of the lateral electrodes cover the side-wall of the mesa. We then wire-bonded the electrodes to a 3mm*5mm integrated circuit die. 
Device Design and Fabrication

Device Characterization
We study the micro-photoluminescence (micro-PL) of the device under different bias configurations in a closedcycle cryostat at 8K. Figure 2 Figure  2 (c), the charging only occurs when we apply a negative voltage on the top electrodes, indicating that holes are electrically injected into the QDs by the lateral electric fields formed on both sides of the mesa. Under a lateral bias configuration shown in Figure 2 (d) , holes can be injected into QDs with either a positive lateral bias or a negative lateral bias because of the large lateral electric field formed near each lateral electrode when it is positively charged.
We note that the COMSOL simulations, which are consistent with the experimental data, indicate that this device has generated a 2-D electric field. Although we do observe some Stark shift at high voltages, the overall magnitude is very small. This indicates that the magnitude of the electric field at the QD is small. To further increase the magnitude of the electric field in the future, we can reduce the p-type defect density in the intrinsic GaAs, thus increasing the depletion region, or further reduce the device size.
Conclusion
We report the design and fabrication of a 3-electrode device that can apply 2-D electric fields to single QDs embedded in an unintentionally-doped GaAs matrix. We characterized single QD PL under different bias configurations and observed asymmetric charging patterns under a vertical bias and symmetric charging patterns under a lateral bias. Combining the experimental data with electric field simulations, we deduce that these charging events likely originate from electrically-injected holes whose tunneling into the QDs is induced by lateral electric fields. This device and the observed results represent an important step toward the generation of arbitrary 2-D electric fields applied to single QDs or QDMs and, to the best of our knowledge, the first observation of deterministic charging of single QDs arising from lateral electric field components.
